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Proper regulation of apoptosis during pneumococcal pneumonia is essential for
resolution of infection. We hypothesized that reactive oxygen species (ROS) produced
during infection causes sufficient DNA damage to alter expression of pro-apoptotic
proteins. Despite inducing DNA damage, challenge with pneumococci did not cause
alterations the expression of the pro-apoptotic protein Puma (p53 up-modulated regulator
of apoptosis) at early (4 and 6 hour) and late (16 and 24 hour) time points tested in this
study. Puma-dependent global expression patterns were assessed, and the data
demonstrated significant changes in expression of various genes (Prdx2, Ripk1, Api5 and
IL-10) involved in cell death and the inflammatory response. In conclusion, although the
presence of Puma is necessary for normal apoptotic cellular death and host resolution of
infection, Puma expression in bone marrow neutrophils and lung epithelial cells is not
dependent on ROS produced during pneumococcal infection.
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CHAPTER I
LITERATURE REVIEW

Streptococcus pneumoniae pathogenesis
Streptococcus pneumoniae (pneumococcus) is an extracellular, gram-positive
bacterium that is commonly found in the human nasopharynx as an asymptomatic
colonizer. Mainly affecting people at the age extremes, pneumococcal pneumonia is a
burden to the healthcare industry, totaling $3.5 billion in medical costs in the United
States in 2004 alone (Huang et al. 2011). Although infection is normally asymptomatic,
pneumococcus is also associated with diseases such as otitis media, sinusitis and more
invasive diseases such as pneumonia, bacteremia, and meningitis. As with all bacterial
infections, both the virulence factors of S. pneumoniae and the host’s immune response
play a role in the pathogenicity. Some of the virulence factors important for establishing
infection are a polysaccharide capsule (Griffith 1928), of which there are currently 91
recognized serotypes (Park et al. 2007), H2O2 production (Spellerberg et al. 1996), a
hemolytic protein, pneumolysin, and choline binding proteins: autolysin (Höltje and
Tomasz 1975), PspA (pneumococcal surface protein A) (McDaniel et al. 1987) and
CbpA (choline binding protein A) (Rosenow et al. 1997). The production of H2O2 is the
primary virulence characteristic of importance for this study.
S. pneumoniae is spread person to person by close contact and droplet nuclei.
Invasive disease occurs when pneumococci colonizing the nasopharynx are aspirated into
1

the normally sterile lung environment and are not effectively killed by resident
phagocytes due to the lack of opsonizing antibodies.
Pneumococcal pneumonia
Pneumococcus is the leading cause of community-acquired pneumonia. In the
lungs, pneumococci interact with the lung alveolar epithelial cells as well as the resident
alveolar macrophages. As the pathogen multiplies, large numbers of neutrophils are
recruited from the bloodstream into the infected region of the lung resulting in eventual
consolidation of these immune cells, usually in a single lobe (lobar pneumonia). The five
cardinal signs of lobar pneumonia are sudden-onset of chest pain, a shaking chill, cough,
fever, and rusty sputum (Heffron 1939). Patients with pre-existing conditions such as
human immunodeficiency virus (HIV) infection (Garcia-Leoni et al. 1992, Dworkin et al.
2001), recent influenza viral infection (O’Brien et al. 2000), cancer (Berghmans et al.
2003) or those with heavy alcohol (Burman et al. 1985) or cigarette usage (Nuorti et al.
2000) are at greater risk for pneumococcal pneumonia.
Host immune response
Neutrophils are an essential component of the innate immune system and are
often referred to as the body’s first line of defense against extracellular pathogens,
responding rapidly and robustly to inflammatory stimuli. Since being discovered in the
1800s by Elie Metchnikoff, neutrophils and their role in innate immunity have been
extensively studied. Due to very effective killing mechanisms, the neutrophil is extremely
important for the host to mount an effective innate immune response. Some methods of
neutrophil killing include release of granule components and production of superoxide
2

anion, O2-, by the action of the NADPH oxidase which leads to production of additional
toxic products such as hydroxyl radical (OH), hypochlorus acid (HOCL) and hydrogen
peroxide (H2O2) (Fridovich 1998). The importance of these killing mechanisms is seen
in patients with chronic granulomatous disease (CGD). CGD patients suffer from
reoccurring bacterial and fungal infections due to ineffective neutrophil killing by
NADPH oxidase impairment and decreased production of anti-inflammatory cytokines
(Brown et al. 2003).
In order for neutrophils to be effective, recruitment to the site of infection and
recognition of foreign material must occur. Neutrophils express receptors for pathogen
recognition such as toll-like receptors and NOD receptors (Girardin et al. 2003) as well
as cytokine and chemokine receptors. The recruitment of neutrophils to the lung is
essential for proper clearance of pneumococci, as mice with a depleted neutrophil
population demonstrate higher bacterial loads in the lungs (Garvey and Harmsen 1996).
One cytokine found to be of particular importance in the recruitment of neutrophils
during pneumococcal lung infection is interleukin 12 (IL-12) (Sun et al. 2007).
Exogenously added IL-12 was found to increase interferon gamma mediated neutrophil
recruitment and enhance the innate response to pneumococcal infection (Sun et al. 2007).
While recruitment of neutrophils is important to the host’s ability to combat infection,
these cells can also result in increased tissue damage due to the production of ROS
generated by the phagocytes (Marriott et al. 2008).
Once in the lungs, neutrophils attempt to phagocytize and kill the pneumococci.
Due to a thick polysaccharide capsule, this process is inefficient. In the absence of
serotype-specific, opsonizing antibody, pneumococci are able to replicate to high
3

numbers. Neutrophils are short-lived cells and once activated, begin to undergo an
organized cell death termed apoptosis (reviewed by Luo and Loison 2007). Apoptotic cell
death is essential in maintaining the normal turnover of these cells and in downregulating the inflammatory response during and after clearance of pathogens. Apoptotic
neutrophils in the lungs are recognized by resident alveolar macrophages that function to
remove the apoptotic cellular material, resulting in a dampening of the host inflammatory
response (reviewed by Haslett 1999). Neutrophils are not the only cell type affected
during pneumococcal infection, and it is the complex interaction of all the cell types
involved that is crucial to the proper resolution of infection.
Lung epithelial cells
Attachment to the lung epithelium is essential to establish infection in the lung. A
previous study has shown that sialylated oligosaccharides added to respiratory epithelial
cell monolayers inhibited adherence of pneumococci (Barthelson et al. 1998). By
utilizing competitive binding, Barthelson et al demonstrated that pneumococci bind to
sialylated oligosaccharides on the epithelium (Barthelson et al. 1998). It has also been
shown that pneumococci are more likely to adhere to pneumocyte type II (A549) cells
that have been virally infected (Hament et al. 2004). A mechanism of invasion of
pneumococci from the lung epithelium into the bloodstream involves the interaction of
the surface molecule phosphorycholine found on the surface of pneumococci and platelet
activating factor receptors (PAFR) expressed on the lung epithelium (Rijneveld et al.
2004). When activated, for example, by viral infection (Ishizuka et al. 2003) lung
epithelial cells up-regulate PAFR, which in turn allows for increased invasiveness of
pneumococci (Rijneveld et al. 2004). Another mechanism of invasion utilized by
4

pneumococci is translocation facilitated by the binding of human polymeric
immunoglobulin receptor (hpIgR) to choline binding protein A (CbpA) found on the
surface of pneumococci (Zhang et al. 2000). Upon entry into the bloodstream,
pneumococci, if left unchecked, will replicate leading to complications including sepsis
or possibly development of meningitis.
Resident alveolar macrophages
Alveolar macrophages (AM) make up a large part of the innate immune cell
population present in the lung and are the primary phagocytic cells that constantly reside
there (Green et al. 1977, Jonsson et al. 1985). AMs are the first phagocytic cell to come
in contact with pneumococci upon aspiration into the lungs. Macrophages recognize and
phagocytize pathogens through a variety of different receptors including Fc receptors that
recognize the constant region of immunoglobulins (Gordon et al. 2000), complement
binding receptors that recognize complement bound on the surface of microorganisms
(Gordon et al. 2000), and mannose receptors that recognize mannose on the surface of
many pathogens (Ezekowitz et al. 1990). A study by Dockrell et al demonstrated that in
a low dose pneumococcal infection model, normal function of alveolar macrophages is
sufficient to resolve the infection in the absence of recruited neutrophils (Dockrell et al.
2003). This was only seen in the low dose infection that did not overwhelm the resident
alveolar phagocytes to the extent that neutrophil recruitment would be necessary
(Dockrell et al. 2003). When a high dose was used, normal alveolar macrophage
function, in addition to neutrophil recruitment, was necessary for resolution of infection
without tissue injury (Dockrell et al. 2003).
5

During bacterial infection in the lung, alveolar macrophages are necessary to
reduce unnecessary tissue damage. Alveolar macrophages release cytokines such as
tumor necrosis factor alpha (TNFα) that play an important role in neutrophil recruitment
and activation (Takashima et al. 1997, Jones et al. 2005). Upon phagocytosis of bacteria,
recruited neutrophils undergo a normal apoptotic death response. AM function to resolve
infection by phagocytizing these apoptotic neutrophils (Cox et al. 1995) and releasing
anti-inflammatory cytokines such as IL-10 (reviewed by Zhang et al. 2010). Upon
phagocytosis of apoptotic cells, macrophages have also been shown to release another
anti-inflammatory cytokine, TGF-β (Fadok et al. 1998). This role of macrophages is
crucial to maintain minimal amounts of tissue damage during pneumococcal infection.
Although macrophages have a longer cell life span than that of neutrophils, it is essential
that the alveolar macrophages also undergo normal apoptosis in order to decrease
inflammation in the lung (Marriott et al. 2006). In summary, portions of the lung can
become filled with recruited phagocytic neutrophils that will become apoptotic and
require removal by alveolar macrophages. Those macrophages will down-regulate the
pro-inflammatory response by secreting anti-inflammatory cytokines and ultimately
undergoing apoptosis.
Cellular damage and death
ROS induced DNA damage
Production of reactive oxygen species (ROS) is one of the mechanisms that
neutrophils use to eliminate pathogens upon phagocytosis (reviewed by DeLeo 2004).
ROS are known to cause breaks in DNA along with an array of other types of damage to
host cells including oxidation of lipids and proteins (Buonocore et al. 2010). During
6

pneumococcal pneumonia, the presence of pneumococci leads to consolidation of cells in
the lung due to the influx of large numbers of recruited neutrophils and the already
present alveolar macrophages. This creates a volatile environment, containing not only
ROS produced by the activated neutrophils, but also the H2O2 produced by the
pneumococci (Haslett 1999, Pericone et al. 2000). One important characteristic of
pneumococcus is the production of large amounts of H2O2 as a natural by-product of
metabolism due to the activity of the enzyme pyruvate oxidase, SpxB (Spellerberg et al.
1996). Pneumococcus has previously been shown to produce H2O2 in concentrations
similar to that of activated neutrophils during infection (Duane et al. 1993). Although
catalase negative, pneumococcus is able to survive millimolar concentrations of hydrogen
peroxide due to the activity of pyruvate oxidase (Pericone et al. 2003) by a mechanism
that is not well characterized. The hydrogen peroxide production of SpxB results in death
of the pneumococci by a process mimicking the eukaryotic apoptosis (Regev-Yochay et
al. 2007).
This production of H2O2 by pneumococci is sufficient to cause cellular death in
neutrophils (Zysk et al. 2000). A previous study has shown that mice lacking genes
involved in DNA damage response (p53, ATM, Puma) succumb more rapidly to
pneumococcal infection than wild type counterparts (Garrison et al. 2010). This study
demonstrates that a functional DNA damage response is key to surviving these infections
and indicates that DNA damage may serve as a trigger for the normal apoptotic response.
When these proteins are not expressed, cells may default to an alternative death pathway.
In the absence or delay of normal apoptosis, neutrophils eventually undergo an
alternative cell death that can be detrimental to neighboring tissues (Martins et al. 2003).
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Delay of normal apoptosis has been found to be associated with chronic inflammatory
diseases such as cystic fibrosis (Dibbert et al. 1999), inflammatory bowel disease
(Brannigan et al. 2000), and the early stages of rheumatoid arthritis (Weinmann et al.
2007). While maintenance of programmed cell death is crucial to host survival, the initial
trigger for this necessary apoptotic response is not well characterized.
Importance of p53
The tumor-suppressor protein, p53, has been thoroughly studied in the context of
cancer. Mutations in p53 are found in a majority of human cancers (Hollstein et al. 1991,
Harris et al. 1996). p53 can be activated in response to oncogenic stressors as well as
DNA-damaging events (Nelson and Kastan 1994) with the latter being of importance for
the context of this study. The role of p53 in the context of bacterial infection is not fully
understood. One recent study has shown Helicobacter pylori is able to inhibit p53 and
has suggested that inhibition plays a role in the development of gastric cancers (Wei et al.
2010). p53 has also been shown to play a role in induction of J774 macrophage apoptosis
by being stabilized by redox proteins such as azurin and cytochrome c551 that are released
by the pathogen Pseudomonas aeruginosa (Yamada et al. 2002). Yamada et al have
utilized the capabilities of these bacterial redox proteins to induce apoptosis in cancer
cells that have functional p53 protein (Yamada et al. 2002).
Apoptotic Role of Puma (p53 up-regulated modulator of apoptosis)
p53 is a regulator of apoptosis and can be induced due to a variety of cellular
stresses including DNA damage, hypoxia and oxidative stress (Nelson and Kastan 1994).
Induction of DNA breaks by various nuclease treatments has been shown to induce p53
8

in the human myeloid leukemia cell line (ML-1) (Nelson and Kastan 1994). p53 is also
involved in both the extrinsic and intrinsic apoptotic pathways. The intrinsic pathway
involves the release of cytochrome c from the mitochondrial membrane leading to the
activation of the caspase cascade and ultimately apoptosis (Nakano and Vousden 2001).
p53 regulates a family of proteins called B-cell lymphoma 2 (Bcl-2) proteins. The Bcl-2
family includes both pro and anti-apoptotic members, and the balance between these
determines cellular fate (Youle and Strasser 2008). Puma (p53 up-regulated modulator of
apoptosis), a pro-apoptotic member of the Bcl-2 family, is one particular protein that is
under direct transcriptional regulation by p53 (Han et al. 2001, Kelekar and Thompson
1998). Puma can function by interacting with other pro and anti-apoptotic proteins to
either promote or inhibit apoptosis (Garrison et al. 2012). One study shows Puma
functioning to disassociate pro-apoptotic Bax from anti-apoptotic Bcl-XL leading to an
apoptotic cellular fate in colon cancer cells (Ming et al. 2006). However, the importance
of Puma in the context of bacterial infection has yet to be fully elucidated. Due to the
requirement of Puma for normal cell apoptosis and the importance of apoptosis for
resolution of infection, it seems likely that Puma could play a vital role in this paradigm.
Characterizing the expression of DNA damage response genes in the context of bacterial
infection will provide insight into the innate immune response and possibly identify new
therapeutic targets.
Significance and Purpose
Pneumococcus is responsible for thousands of deaths and millions of dollars in
healthcare costs in the United States annually (Huang et al. 2011). Recruited neutrophils
play a crucial role in the phagocytosis and elimination of the pathogen. The balance of
9

the pro and anti-apoptotic proteins in the Bcl-2 family determines cellular fate of these
neutrophils. The importance of p53, Puma, and ATM in maintaining normal apoptotic
cell death and host survival has been shown previously (Garrison et al. 2010). New
therapies utilizing mimetics of pro-apoptotic proteins for cancer therapies have been
suggested (Garrison et al. 2012). Manipulation of these apoptotic related genes for
therapeutic purposes would require an extensive understanding of the role these proteins
play in normal innate immune response. This study will provide a deeper understanding
of the role of Puma in the necessary apoptotic response that occurs during pneumococcal
challenge.
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CHAPTER II
CHARACTERIZATION OF PUMA EXPRESSION IN RESPONSE TO ROS
PRODUCTION FOLLOWING CHALLENGE WITH WILD-TYPE
STREPTOCOCCUS PNEUMONIAE STRAIN T4R
AND AN ISOGENIC MUTANT

Abstract
Puma (p53 up-modulated regulator of apoptosis) is a pro-apoptotic protein that is
under direct regulation by the tumor-suppressor protein p53 (Han et al. 2001). Puma can
function by interacting with other pro and anti-apoptotic proteins to either promote or
inhibit apoptosis (Garrison et al. 2012). The importance of p53, Puma, and ATM in
maintaining normal apoptotic cell death and host survival during pneumococcal infection
has been shown previously (Garrison et al. 2010). However, the precise role of Puma in
the context of bacterial infection has yet to be elucidated. Due to the requirement of Puma
for normal cell apoptosis and the importance of apoptosis for resolution of infection, it
seems likely that Puma could play a vital role in this paradigm. This study aimed at
characterizing expression of Puma in neutrophils and lung epithelial cells upon challenge
with Streptococcus pneumoniae in order to provide insight into the necessary innate
immune response. We hypothesized that release of H2O2 from pneumococci during active
infection is sufficient to induce DNA-damage, thereby resulting in Puma-dependent
apoptosis of cells. Western blot analysis was used to assess Puma expression in A549
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lung epithelial cells and bone marrow neutrophils. The results from this study suggest
that H2O2 production of Streptococcus pneumoniae does not directly affected the
expression of Puma in this in vitro model.
Introduction
Two important cell types involved in pneumococcal lung infection are recruited
neutrophils and lung epithelial cells. In order to effectively clear infection in the lungs,
neutrophils are required to phagocytize and kill foreign bacteria. Following efficient
pathogen killing, the neutrophils must undergo an apoptotic cell death in order to reduce
tissue damage and inflammation. A more hardy macrophage cell population then clears
these apoptotic neutrophils via phagocytosis (Cox et al. 1995). This normal pattern of
clearance is highly regulated by many important factors including one particular tumorsuppressor protein, p53. Levels of p53 increase when cells encounter DNA damaging
stimuli and incur DNA breaks. (Nelson and Kastan 2004). p53 functions to regulate a
series of pro and anti-apoptotic genes including Puma (Han et al. 2001). The balance
between the pro and anti-apoptotic genes determines cellular fate decisions (Garrison et
al. 2012).
Interruption of the DNA-damage response pathway by the elimination of Puma or
p53 has been previously shown to prevent normal resolution of pneumococcal lung
infection in mice (Garrison et al. 2010). This led us to believe that this pathway is
required in this type of infection for normal resolution. We hypothesized that expression
of Puma would be increased in response to the highly oxidative environment of the lungs
during infection due to the H2O2 produced by the pneumococci. Our lab has previously
shown that challenge of murine bone marrow neutrophils or lung epithelial cells with
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Streptococcus pneumoniae T4R produces more DNA-damage than treatment with an
isogenic mutant of T4R lacking H2O2 production (unpublished results). In order to further
characterize the expression of the pro-apoptotic protein Puma in response to the DNAdamage induced, we used western blot time course experiments.
Materials and Methods
Growth and maintenance of bacterial strains
S. pneumoniae strains T4R (an unencapsulated mutant of TIGR4) and isogenic
mutants of this strain were grown in THY to OD600 of 0.5. Cells were harvested by
centrifugation at 15,000 x g for 5 minutes. Cell counts were enumerated by plating serial
dilutions on blood agar plates.
Isogenic mutant: S. pneumoniae T4RΔspxB
The spxB gene with 500 base pairs flanking each end was amplified from T4R
chromosomal DNA using primers ALR1 and ALR2 (Table 2.1), designed to contain both
KpnI and XbaI restriction sites. The plasmid pBluescript was grown in an overnight
culture of Luria-Bertani (LB) broth with ampicillin (100µg/mL) with shaking at 37° C.
The plasmid was isolated using the GenElute Plasmid Miniprep kit (Sigma-Aldrich, St.
Louis, MO). The plasmid was digested overnight with KpnI (New England BioLabs,
Ipswich, MA) and XbaI (New England BioLabs, Ipswich, MA) enzymes. The spxB gene
plus flanking DNA PCR product was digested with the KpnI and XbaI enzymes and
ligated to previously digested pBluescript at a 3:1 insert to vector ratio using T4 ligase
and ligase buffer (Fisher Scientific). Five microliters of this ligation was transformed into
DH5α E. coli. The transformation was plated on LB with ampicillin with ChromoMax
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IPTG X-Gal (Fisher Scientific) added to each plate for blue-white colony screening.
After overnight incubation, white colonies were picked and screened by PCR using
primers ALR1 and ALR2.
Inverse PCR using primers ALR3 and ALR4 was used to amplify outward from
just inside the coding sequence of spxB from a positive clone. Primers ALR3 and ALR4
were designed to include BamHI sites. The gene ermB was amplified using designed
primers ALR5 and ALR6 including BamHI sites and both products were digested with
BamHI (New England BioLabs, Ipswich, MA) overnight at 37° C. The linearized vector
that was amplified with primers ALR3 and ALR4 and the ermB insert amplified with
primers ALR5 and ALR6 were ligated using 3:1 insert to vector ratio. DH5α E. coli cells
were transformed with the ligation and plated on LB agar containing ampicillin and XGal and incubated overnight at 37°C. White colonies were streaked on a master plate and
screened by PCR with forward primer ALR5 and reverse primer ALR6. Positive colonies
appeared as a band at 2400 bp (approximately the size of ermB with the flanking
regions). These were grown overnight and the plasmid isolated for transformation into
Streptococcus pneumoniae T4R by standard methods. Erythromycin resistant colonies
were picked and PCR screened using primers ALR1 and ALR2 to confirm gene
replacement.
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Table 2.1

Primer table

Growth curves
Streptococcus pneumoniae strain T4R and ΔSpxB stocks frozen in the -80°C
freezer were thawed on ice and diluted to a starting concentration of 5x104 bacteria/mL in
Todd Hewitt broth supplemented with yeast extract (THY). 200 μL of each respective
strain was added to triplicate wells of a 96 well plate. Plate was placed in the SpectraMax
Plus 384 plate reader (Molecular Devices). The plate reader temperature was set to 37°C
and wavelength was set to 595 nm. Readings were taken every 30 minutes over a 20 hour
time course.
Isolation of bone marrow neutrophils from mice
The Institutional Animal Care and Use Committee of Mississippi State University
approved all animal protocols performed in this study. Puma +/- mice were a gift from Dr.
Gerry Zambetti (St. Jude Children’s Research Hospital, Memphis, TN). Heterozygous
mice were bred to produce Puma+/+ and Puma-/- offspring that were used for these studies.
Mice were sacrificed and the tibia and femur harvested. Bone marrow (BM) was flushed
from tibia and femur with PBS using a 23 gauge needle. BM was strained using a 100
μM cell strainer (Fisher Scientific) to remove any particulate bone matter and was
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centrifuged in a 15 mL conical tube at 135 x g at room temperature for 5 minutes. Cells
were then resuspended in buffer and counted on the hemocytometer.
MACS separation
Up to 5 x 107 cells isolated from bone marrow were resuspended in 200 μL of
buffer (PBS without magnesium and calcium, pH 7.2, 0.5% fetal bovine serum, 2mM
EDTA). Twenty-five microliters of the Neutrophil Biotin-Antibody cocktail (Miltenyi
Biotec Auburn, CA) was added to the cells and incubated for 10 minutes at 4°C. Then
cells were washed in 5 mL of prepared buffer and centrifuged at 135 x g for 5 minutes.
Cells were resuspended in 400 μL of buffer. Fifty microliters of Anti-Biotin MicroBeads
(Miltenyi Biotec Auburn, CA) was added to the cells and incubated for 15 minutes at
4°C. Cells were washed in 5 mL of buffer and centrifuged at 135 x g for 5 minutes. Cell
pellet was resuspended in 50 μL of buffer.
MACS separation LS column (Miltenyi Biotec Auburn, CA) was prepared
following the manufacturer recommendations. The cell suspension was placed over the
column and purified neutrophils were collected. These cells were centrifuged at 135 x g
for 5 minutes and resuspended in the desired tissue culture media and cell concentration
was determined. Cells were then ready for bacterial challenge. The MACS separator
gave an approximately 95% pure neutrophil population analyzed by flow cytometry (See
Appendix C Fig. C.1).
Bacterial challenge of bone marrow neutrophils for western blotting
After preparation by previously described MACS separator method, BMNs were
challenged with a 1:1 MOI of either Streptococcus pneumoniae T4R or ΔSpxB. This
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MOI was determined empirically in order to ensure minimal cell death occurred after
exposure. All samples were washed after one hour with PBS +FBS two times, and
resuspended in media containing penicillin/streptomycin for the remainder of the time
point to be tested. A positive control sample received etoposide (0.1 μg/mL) treatment.
Trypan blue staining was performed post infection to determine cell viability (See
Appendix B Fig. B.2). Cells were prepared following western blot protocol described.
Preparation and bacterial challenge of A549 lung epithelial cells
A human lung epithelial cell line was a received from ATCC. Cells were
maintained in F12-K medium (ATCC) and diluted to 5x104 cells/mL in media
supplemented with 10% FBS and 1 mL seeded into each well of a 12-well plate. The
cells were placed in the 37°C CO2 incubator for 3 days until the wells became confluent.
One well of cells was trypsinized and counted using the hemocytometer. The desired
bacterial treatment was applied at 5:1 MOI (T4R or T4RΔspxB) to cell ratio for one hour
and then washed and placed in F12K media containing antibiotics. A positive control
sample received etoposide (0.1 μg/mL) treatment for entire time point. The cells were
incubated for the remainder of the desired time point. Cells were then prepared following
the western blot protocol described.
Western blotting
Dr. James Stewart of Mississippi State University generously provided the
western blot protocol. After exposure to desired treatment conditions, wells were washed
once with PBS containing magnesium and calcium. Cells were lysed in 150μl of lysis
buffer with proteinase inhibitor (10mM Hepes, 150mM NaCl, 1.5mM MgCl2, 1mM
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EDTA, 10mM Na-pyrophosphate, 10mM NaF, 0.1mM Na3VO4, 1% deoxycholic acid,
1% Triton X 100, 0.1% SDS) on ice for 10 minutes. Lysates were transferred to 1.5 mL
tubes and sonicated on ice for 5 seconds. Lysates were centrifuged at 22,000 x g for 15
minutes at 4°C. The supernatants were transferred to new 1.5 mL tubes. After
determining protein concentrations using the Pierce BCA protein assay kit (Thermo
Scientific), and proteins were separated on 12% gels by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), blotted onto Immobilon polyvinylidene fluoride (PVDF)
membranes (Millipore) using semi dry electrophoresis and processed by western blot.
The membranes were stained using Gel Code Blue Safe protein stain (Thermo Scientific)
to confirm efficient transfer. Membrane was blocked in TBST (50mM Tris pH 8.0,
138mM NaCl, 2mM KCl, 0.05% Tween 20) containing 5% milk powder for 30 minutes.
Blots were incubated with anti-Puma antibody (Santa Cruz Biotechnology, Europe), or
anti-β-actin antibody (Cell Signaling Technology) diluted in blocking buffer overnight at
4°C. After three 5 minute washes with TBST, membranes were incubated with goat antimouse IgG HRP conjugate (Santa Cruz Technology, Europe) or goat anti-rabbit IgG HRP
conjugate antibody (BioRad, Hercules, CA). Immunoreactivity was detected using
luminata forte HRP substrate (Millipore).
Results and Discussion
The regulation of the balance of pro and anti-apoptotic proteins is necessary for
normal cell function. During pneumococcal lung infection, phagocytic neutrophils and
resident lung epithelial cells are in a highly oxidative environment due to the production
of highly reactive oxygen species by phagocytic cells. One protein of interest to this
study is Puma, a pro-apoptotic protein directly regulated by p53 (Han et al. 2001). The
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importance of Puma and other DNA-damage response proteins for host survival during
pneumococcal infection has been shown previously (Garrison et al. 2010).
In order to determine whether the DNA-damage response that was found to be
vital for resolution was triggered by the excessive hydrogen peroxide production from
pneumococcus, an isogenic mutant lacking pyruvate oxidase was generated by gene
replacement. Pyruvate oxidase (spxB) is responsible for the excess H2O2 production by
pneumococcus.

Figure 2.1

Confirmation of removal of spxB from S. pneumoniae T4R

PCR verification of spxB replacement with Erm cassette. Primers flanking spxB were
used to confirm replacement of 1776 kb spxB gene with the 1000 kb Erm cassette.
Growth curve experiments of wild type T4R and ΔSpxB mutant (Fig. 2.2) were
performed in order to assess the growth patterns of both strains. As the growth curves
illustrate, the pyruvate oxidase mutant grows to a higher density without undergoing
autolysis like its wild type counterpart T4R, confirming previous results seen by RegevYochay et al (Regev-Yochay et al. 2007).
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Figure 2.2

Growth curves of T4R and ΔSpxB

Growth curve analysis performed in Todd Hewitt medium supplemented with yeast
extract (THY).
Puma expression upon bacterial challenge
To determine if Puma was induced in neutrophils or lung epithelial cells, bone
marrow neutrophils or A549 lung epithelial cells were exposed to T4R or ΔSpxB for one
hour followed by removal of the stimulus and incubation of the cells in media containing
antibiotics for the remainder of the time point indicated. Cells were then prepped for
western blot and analyzed for Puma expression. At the earliest time point tested (4 hour)
for the lung epithelial cells (Fig. 2.3), appeared to be increased in samples that received
bacterial challenge. However, no difference was seen between the T4R and ΔSpxB
challenged samples. At the six-hour time point, samples treated with ΔSpxB appeared to
express less Puma as compared with T4R-treated samples (Fig. 2.3). There were no
differences seen at the 16 and 24 hour time points tested for the A549 lung epithelial cells
(Fig. 2.4).
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In neutrophils exposed to S. pneumoniae, there appeared to be a trend of increased
Puma expression at the 6 hour time point in the T4R treated sample but no difference in
expression of Puma at the later time point (16 hour) (Fig. 2.6). However, in the earliest
time point (4 hour) (Fig. 2.5) tested for the neutrophils, there also appeared to be a trend
of increased Puma expression upon bacterial challenge. Although exposure to T4R was
expected to induce Puma to a greater extent than ΔSpxB, the general trend in all but one
of the time points (6 hour) tested for the neutrophils appears to be the opposite. This
suggests that in this in vitro model H2O2 production does not necessarily lead to an
increase in expression of Puma as we originally hypothesized. The absence of a
detectable increase in Puma in the bone marrow neutrophils could be due to the fact that
neutrophils are terminally differentiated cells that are not highly transcriptionally active.
However, Kobayashi et al have shown in activated neutrophils, that it is at the level of
gene transcription that these all important cell fate decisions are made (Kobayashi et al.
2002) suggesting that these isolated neutrophils should be transcriptionally active.
In summary, our original hypothesis was that the expression of Puma in various cell types
was dependent on DNA-damage induced by H2O2. However, the data do not present that
this is the case at most of the time points and MOIs that were examined. Our lab has been
able to show that treatment with an isogenic mutant lacking pyruvate oxidase, and
therefore H2O2 production, results in significant decrease in DNA-fragmentation
compared to treatment with T4R (unpublished results), and we also have flow cytometry
results that show less late apoptotic death in cells treated with ΔSpxB when compared to
T4R (Appendix C). The data in this study, suggest that during pneumococcal challenge
the neutrophils and A549 lung epithelial cells may maintain a steady state of Puma rather
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than seeing an over or under-expression. The results from this in vitro study also suggest
that Puma expression and importance during pneumococcal challenge may rely on other
stimuli that would be present in vivo. The induction of Puma does not solely depend on
the presence of H2O2, but possibly the interconnected network of cell to cell signaling that
occurs during active infection from the various cell types and external stimuli that are
present in the lung environment.

Figure 2.3

Western blot analysis of A549 lung epithelial cells challenged with S.
pneumoniae.

Upper panel: Control samples received no treatment. Bacterial-treated samples received
either T4R or ΔSpxB at 5:1 MOI for 1 hour then were washed and placed in antibiotic
media for remainder of time point. Etoposide was used as the positive control (0.1
μg/mL). Lower panel: Densitometry was completed using ImageJ software (NIH).
Intensities were normalized to the no treatment control samples.
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Figure 2.4

Western blot analysis of A549 lung epithelial cells challenged with S.
pneumoniae.

Upper panel: Control samples received no treatment. Bacterial-treated samples received
either T4R or ΔSpxB at 5:1 MOI for 1 hour then were washed and placed in antibiotic
media for remainder of time point. Etoposide was used as the positive control (0.1
μg/mL). Lower panel: Densitometry was completed using ImageJ software (NIH).
Intensities were normalized to the no treatment control samples.
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Figure 2.5

Western blot analysis of bone marrow neutrophils isolated using MACS
separator challenged with S. pneumoniae.

Upper panel: Control samples received no treatment. Bacterial-treated samples received
either T4R or ΔSpxB at 1:1 MOI for 1 hour then were washed and placed in antibiotic
media for remainder of time point. Etoposide was used as the positive control (0.1
μg/mL). Lower panel: Densitometry was completed using ImageJ software (NIH).
Intensities were normalized to the no treatment control samples.
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Figure 2.6

Western blot analysis of bone marrow neutrophils isolated using MACS
separator challenged with S. pneumoniae.

Upper panel: Control samples received no treatment. Bacterial-treated samples received
either T4R or ΔSpxB at 1:1 MOI for 1 hour then were washed and placed in antibiotic
media for remainder of time point. Etoposide was used as the positive control (0.1
μg/mL). Lower panel: Densitometry was completed using ImageJ software (NIH).
Intensities were normalized to the no treatment control samples.
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CHAPTER III
CHARACTERIZATION OF PUMA-DEPENDENT GLOBAL EXPRESSION
PATTERNS OF NEUTROPHILS ACTIVATED BY
STREPTOCOCCUS PNEUMONIAE
STRAIN T4R

Abstract
Immune cells are required to undergo a normal programmed cell death
mechanism termed apoptosis. During bacterial infection, phagocytes become activated
and phagocytize pathogens in attempt to clear the infection. In order to minimize tissue
damage due to leakage of reactive oxygen species (ROS) and granules produced for
pathogen elimination, these phagocytes will undergo apoptosis and subsequently be
cleared by macrophages. In the absence of normal apoptotic cellular death, cells can
undergo necrosis (Martins et al. 2003), which leads to cellular content leakage into the
surrounding tissue environment. This is detrimental to infection resolution and host
survival. Apoptotic cellular death is highly regulated by a family of proteins called B-cell
lymphoma 2 (Bcl-2) proteins (Kelekar and Thompson 1998). One particular Bcl-2 protein
of interest to this study is a pro-apoptotic protein, p53 up-modulated regulator of
apoptosis (Puma). The importance of Puma in survival of pneumococcal pneumonia in
mice has been previously shown (Garrison et al. 2010). We were interested in
characterizing the global expression patterns in bone marrow neutrophils isolated from
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Puma +/+ and Puma -/- mice to determine if the cells are beginning to become necrotic in
the absence of Puma upon challenge with Streptococcus pneumoniae T4R. We
hypothesized that in the absence of Puma, neutrophils will express genes involved in
necrotic cellular death upon challenge with S. pneumoniae T4R.
Introduction
During bacterial infection, normal programmed apoptotic cellular death in a
timely fashion is necessary for a proper host immune response. Any dysregulation of this
pathway can prove detrimental to the host. One alternative death mechanism that can be
detrimental to the host is necrosis. Unlike apoptosis, necrotic cells undergo swelling of
the entire cell as well as the mitochondria eventually leading to cytolysis and leakage of
cellular contents resulting in increased inflammatory response (reviewed by Galluzzi et
al. 1998, Zong and Thompson 2006).
One important family of proteins involved in the regulation of cellular death is the
Bcl-2 family (B-cell lymphoma-2) that consists of both anti-apoptotic and pro-apoptotic
members. Anti-apoptotic members include Bcl-2, Bcl-XL, Bcl-w, Mcl-1, A1, and some
pro-apoptotic members include BAK, BAX, BIM, BID, NOXA, PUMA, and BAD
(reviewed by Lessene et al. 2008). The molecular switch from normal apoptotic cellular
death to necrosis has not been fully elucidated. When dysregulation in the innate immune
response occurs and cells are not capable of undergoing normal apoptosis, alternative
death pathways may be initiated. Until recently, necrosis has been described as an
uncontrolled event, but has since been found to have some degree of regulation (reviewed
by Lu and Walsh 2012). Hitomi et al have identified an extensive network of genes
important in regulating programmed necrosis (Hitomi et al. 2008).
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Due to the importance of Puma in survival of mice challenged with pneumococcal
lung infection (Garrison et al. 2010), we were interested in examining the RNA profile of
neutrophils challenged with S. pneumoniae T4R to determine the role Puma plays in
cellular fate decisions. The goal of this study was to evaluate global gene expression in
bone marrow neutrophils isolated from Puma -/- versus Puma +/+ mice using a RT2 Profiler
Array and confirm the differences by RT PCR. Collectively, these results suggest Pumadependent alterations occur which are specifically related to cellular death pathways and
oxidative stress.
Materials and Methods
BMN isolation and bacterial challenge
Bone marrow neutrophils (BMNs) were collected using the MACS separator
technique previously described (Chapter 2). These cells were challenged in FACS tubes
with Streptococcus pneumoniae strain T4R at 10:1 for 30 minutes in RPMI-1640 media
lacking antibiotics. After a 30-minute exposure to T4R trypan blue staining was used to
assess cell survival (Appendix B Fig. B.1). Cells were washed twice in 1X PBS before
RNA preparation.
Preparation of RNA for RT2 Profiler Array
Total RNA was collected from cells using TRIZOL reagent and the Direct-zol™
RNA MiniPrep column kit (Zymo Research, Irvine, CA). The provided protocol was
followed including the addition of sonication step directly upon addition of lysis buffer.
An in-column DNase I digestion was performed for 15 minutes to remove any unwanted
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genomic DNA. The RNA was resuspended in RNase free water and quantitated using
Nanodrop ND-1000 spectrophotometer.
RT2 Profiler Array
RNA was converted to cDNA using the RT2 First Strand kit (Qiagen Sciences,
Maryland, US). Total RNA (0.5 μg) was added to the cDNA synthesis reaction as
recommended by the manufacturer. The apoptotic specific murine RT2 profiler array
(Qiagen Sciences, Maryland, US) protocol was followed for mastermix preparation and
plate loading. The following cycling conditions were used: one 10 minute cycle at 95°C
and 40 cycles alternating from 95°C for 15 seconds to 60°C for 1 minute. Data was
collected and analyzed utilizing RT2 PCR array data analysis version 3.5 on the
SABiosciences website (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php),
which utilizes the ΔΔCT method.
RT PCR
Reverse transcriptase PCR was used to confirm changes in gene expression
observed in the global gene array. Total RNA was collected from cells using TRIZOL
reagent and the Direct-zol™ RNA MiniPrep column kit (Zymo Research, Irvine, CA).
RNA preparation was completed following the protocol described above. cDNA was
made using the High Capacity Reverse Transcriptase Kit (Applied Biosciences) with
designed primers (IDT) (Table 3.1). RT-PCR reactions were performed using the
DreamTaq master mix (Thermo Scientific). The following cycling conditions were used:
45 cycles alternating from 95°C for 30 seconds to 55°C for 30 seconds to 72°C for 1
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minute, then one cycle at 94°C for 1 minute, one cycle at 55°C for 30 seconds, and one
cycle at 72°C for 1 minute. β-actin was used as an internal control.
Table 3.1

RT-PCR primers utilized

Results and Discussion
In order to determine the global gene expression patterns in Puma deficient mice,
bone marrow neutrophils were isolated using the MACS separator protocol previously
described (see Chapter 2) and incubated for 30 minutes with 10:1 T4R to neutrophil ratio.
Cells were washed and RNA prepared for cDNA transcription. The RT2 profiler array
contained primer sets for 89 gene transcripts that included internal controls and genes that
are involved in apoptosis and cell death related pathways. Of the transcripts that were
screened, neutrophils from Puma deficient mice demonstrated increased expression of
seven genes and decreased expression of five genes as compared to neutrophils from wild
type mice (Table 3.2). A two-fold change in gene expression was considered significant.
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Representative genes from this data set were selected and their expression was analyzed
by traditional reverse transcriptase PCR (RT-PCR). Relative expression of genes was also
determined over a time course including 30 minute, 1 hour, and 2 hours (Fig. 3.1). RTPCR was also used to confirm that the changes identified by the array were due to
bacterial treatment rather than differences in the basal level expression due to the lack or
presence of Puma. In order to do this, RNA was isolated and cDNA was generated from
bone marrow neutrophils that received no bacterial stimulus. These results are seen in
column 1 of figure 3.1. Three of the genes tested by RT-PCR were differentially
expressed at the basal level, but when challenged with T4R, alterations were detected that
differed from basal expression.
Table 3.2

Genes differentially expressed in Puma deficient mice

Genes differentially expressed in the Puma -/- bone marrow neutrophils compared to
Puma +/+ bone marrow neutrophils when treated with 10:1 MOI S. pneumoniae T4R for
30 minutes.
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Figure 3.1

RT-PCR confirmation of differential expression

RT-PCR was performed to confirm fold changes observed in the array experiment.
Column 1: 30 minute no treatment control sample, column 2: 30 minute 10:1 MOI T4R
treated samples, column 3: samples treated with 10:1 MOI T4R for 30 minutes then
bacteria were removed and BMN placed in media containing antibiotics for remaining 30
minutes, column 4: samples treated with 10:1 MOI T4R for 30 minutes then bacteria
were removed and BMN placed in media containing antibiotics for the remaining 1.5
hours.
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Figure 3.2

Densitometry of 30 minute no treatment control samples

Densitometry was performed using Image J software (NIH). Samples were normalized to
their respective (WT or KO) β-Actin loading control. Comparison of intensities between
WT (Puma +/+) and KO (Puma -/-) within each respective gene can be made.

Figure 3.3

Densitometry of 30 minute samples

Densitometry was performed using Image J software (NIH). Samples were normalized to
their respective (WT or KO) β-Actin loading control. Comparison of intensities between
WT (Puma +/+) and KO (Puma -/-) within each respective gene can be made.
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Figure 3.4

Densitometry of 1 hour samples

Densitometry was performed using Image J software (NIH). Samples were normalized to
their respective (WT or KO) β-Actin loading control. Comparison of intensities between
WT (Puma +/+) and KO (Puma -/-) within each respective gene can be made.

Figure 3.5

Densitometry of 2 hour samples

Densitometry was performed using Image J software (NIH). Samples were normalized to
their respective (WT or KO) β-Actin loading control. Comparison of intensities between
WT (Puma +/+) and KO (Puma -/-) within each respective gene can be made.
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The gene that appeared the most differentially regulated (3.98 fold increase in
BMNs from Puma-/- mice compared with wildtype) (Fig. 3.1, 3.2, 3.3, 3.4, 3.5) was
peroxiredoxin 2 (Prdx2), which functions to reduce oxygen to water. Prdx2 has been
shown to increase in expression as concentrations of H2O2 increase, and also to inhibit
cell death mediated by H2O2 in MCF-7 breast cancer cell lines (Bae et al. 2007). Due to
the highly oxidative environment during pneumococcal infection, it would likely prove
useful to have this protein present to reduce H2O2 to water. The pro-survival function of
Prdx2 could be delaying normal apoptosis in neutrophils leading to a hyper-inflammatory
response similar to that observed in the Puma deficient mice from the study by Garrison
et al. However, Prdx2 has also been shown to inhibit cell senescence, which occurs when
there is a blockage in cell cycle due to up-regulation of cell cycle inhibitors. One such
protein known to induce this effect is p53 (Han et al. 2005). While the exact function of
Prdx2 in our model is unknown, it seems as though Prdx2 may be inhibiting normal
apoptotic cellular death in the absence of Puma possibly leading to alternative cellular
death mechanism becoming initiated.
Interleukin 10 (IL-10) was found to be down-regulated in the Puma deficient mice
compared to wild type mice (Fig. 3.1, 3.2, 3.3, 3.4, and 3.5). IL-10 is an antiinflammatory cytokine, and dysregulation in IL-10 levels plays a role in many different
types of disease. Elevated levels of IL-10 can lead to systemic lupus erythematosus
whereas decreased levels of IL-10 are found in diseases such as psoriasis and
inflammatory bowel syndrome (reviewed by Hofmann et al. 2012). IL-10 is known to
inhibit macrophage cytokine production specifically production of IL-6, IL-1 and TNF-α
(Fiorentino et al. 1991). Neutrophils are known to secrete IL-10 during infection (Romani
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et al. 1997) and have also been characterized as producing high levels of IL-10 in a sepsis
model (Kasten et al. 2010). The role of IL-10 in anti-inflammatory response and the
observation of down-regulation of IL-10 in the Puma deficient mice leads us to believe
that in the absence of Puma, a hyper-inflammatory state is established. This dysregulation
of IL-10 could be contributing to the increased sepsis and death observed in the Puma
deficient mice from the study by Garrison et al (Garrison et al. 2010).
Receptor-interacting protein kinase 1 (Ripk1) is an important signaling molecule
crucial for the activation of necrotic cell death pathways. Ripk1 is required for Fas and
Tumor necrosis receptor induced pathways of cellular death as cells deficient in Ripk1
are resistant to (Holler et al. 2000). Upon receiving a stimulus, cellular fate will follow
one of two pathways. One being apoptosis by caspase cascade activation (Budihardjo et
al. 1999), and the other being necrosis which is dependent on Ripk1 (Galluzzi et al.
2009). Upon activation of cells by TNFα, recruitment of TRADD (TNFR-1 associated
death domain) occurs and allows for recruitment of other proteins one of which being
Ripk1 (reviewed by Golstein 2007). Although we observed a down-regulation of Ripk1,
in the Puma -/- mice compared to the wildtype, we did see that Ripk1 was up regulated at
the one-hour time point (Fig. 3.1, 3.2, 3.3, 3.4, 3.5).
In summary, the mechanism by which cells undergo death is highly regulated, and
the pro-apoptotic role that Puma plays is necessary for normal resolution of infection.
The genes that we found to be dysregulated have important roles in suppression of the
inflammatory response as well as promoting alternative cellular death mechanisms such
as necrosis. The time course experiment demonstrated changes in gene regulation over
the course of bacterial challenge. This was interesting due to the fact that we observed
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changes from the initial responses that were detected with the RT2 profiler array. This
could indicate that the genes assessed are differentially expressed over the course of the
immune response. Future experiments are necessary in order to more precisely
characterize these important genes involved in cell death. Understanding the innate
immune response to infections like pneumococcal pneumonia and the effect of important
apoptotic regulators on resolution of infection is important in order to identify potential
methods of alternative treatment.
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CHAPTER IV
SUMMARY

Streptococcus pneumoniae is an important respiratory pathogen that is
burdensome to society. Pneumococci found in the nasopharynx normally reside
asymptomatically, but infection can occur upon aspiration into sterile sites such as the
lungs (Orihuela et al. 2004). One unique feature of pneumococcal infection is that due to
the pyruvate oxidase enzyme (SpxB), pneumococci can produce millimolar amounts of
H2O2 as a metabolic by-product (Pericone et al. 2003). SpxB is an important virulence
factor for pneumococci that is necessary for successful colonization of the nasopharynx
(Orihuela et al. 2004). Mice challenged with ΔSpxB had significantly less bacteria
recovered from both the lung and nasopharynx (Spellerberg et al. 1996) indicating its
important role in initial colonization and establishment of infection. This high
concentration of H2O2 from pneumococci as well as ROS generated by activated
neutrophils creates an oxidative environment, which could lead to DNA damage causing
activation of specific cellular death pathways including p53 induction.
The innate response during pneumococcal pneumonia is an efficient process
involving recruitment of neutrophils to the lungs by chemokines and cytokines produced
by the alveolar macrophages. During the typical pathway of infection resolution,
activated neutrophils, will undergo a programmed cellular death response, apoptosis,
ultimately leading to clearance by resident alveolar macrophages (Cox et al. 1995). This
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apoptotic cell death response is complicated involving a unique balance of pro and antiapoptotic members of the Bcl-2 family of regulators (Garrison et al. 2012).
Understanding the role of these regulators in the context of pneumococcal infection could
result in beneficial methods of manipulating the host innate immune response in order to
increase efficiency of infection resolution. One particular protein found to be important in
pneumococcal pneumonia is p53 up-modulated regulator of apoptosis (Puma) (Garrison
et al. 2010) of which its mechanism of function is not fully understood.
Surprisingly, the data presented in this study indicate no increase of Puma
expression when treated with varying doses of S. pneumoniae T4R or an isogenic mutant
ΔSpxB compared with untreated controls. We also did not see a decrease of Puma
expression in cells treated with ΔSpxB compared to wildtype T4R leading us to speculate
that the H2O2 produced by pneumococci is not sufficient to regulate Puma expression in
our in vitro model. Although, these data are only representative of the bacterial MOI and
time points that were empirically chosen for testing, the data do not reflect the regulation
of Puma expression throughout an actual in vivo pneumococcal infection.
We were also interested in characterizing global gene expression in Puma
deficient bone marrow neutrophils challenged with S. pneumoniae T4R to determine
differences in gene expression that could dictate cellular fate decisions. In our array, we
were able to identify 13 genes that were differentially expressed in the Puma deficient
mice compared to the wildtype. A representative group of genes, IL-10, Prdx2, Ripk1,
and Api5, were confirmed by RT-PCR. These genes each have a different role in various
alternative death mechanisms like necrosis. Our current proposed model illustrates a
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possible series of events leading to cellular death during exposure to pneumococci
(Figure 4.1).

Figure 4.1

Proposed model of cellular death

In conclusion, the dysregulation of innate cellular death in the absence of Puma
could be leading to a necrotic cellular death that is harmful to the host. Future time course
studies will be necessary to analyze the expression of the target genes (Prdx2, IL-10,
Ripk1, Api5) identified to further elucidate their role in Puma-dependent cell death.
Further flow cytometry studies to identify differences in cellular death patterns of these
Puma deficient neutrophils will also be important for understanding the role of Puma in
innate immune responses to Streptococcus pneumoniae.
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APPENDIX A
BONE MARROW NEUTROPHILS
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Figure A.1

Bone marrow neutrophils isolated by Percoll gradient

Polymorphonuclear cells prepared from bone marrow utilizing the Percoll gradient.
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APPENDIX B
CELL VIABILITY
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Figure B.1

Percentage of live bone marrow neutrophils used for RT2 Array.

After initial 10:1 MOI exposure, bone marrow neutrophils were stained for viability
using trypan blue stain.

Figure B.2

Percentage of live Puma +/+ bone marrow neutrophils analyzed by western
blot.

After initial 1:1 MOI exposure, bone marrow neutrophils were a stained for viability
using trypan blue stain.
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Figure B.3

A549 cells after initial exposure to bacteria

After initial 5:1 MOI exposure, lung epithelial cells were viewed by microscopy to
confirm cell viability.
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APPENDIX C
FLOW CYTOMETRY ANALYSIS
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Figure C.1

Flow cytometry analysis of bone marrow neutrophils

Flow cytometry was used to analyze sample purity after using the MACS separator. The
left image was approximately 75% pure neutrophil population. The right image was
approximately 95% pure neutrophil population.
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Figure C.2

Flow cytometry analysis of isolated bone marrow neutrophils challenged
with T4R or ΔSpxB.

Upper panel: Bone marrow neutrophil untreated control samples. Annexin V/PI staining
was used to access cells populations. Lower panel: Bone marrow neutrophils from Puma
+/+
(WT) and Puma -/- (KO) mice were treated with T4R or ΔSpxB at 4:1 MOI for 30
minutes. Annexin V/PI staining was used to assess cells populations.
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Figure C.3

Flow cytometry analysis of isolated bone marrow neutrophils challenged
with T4R or ΔSpxB.

Upper panel: Bone marrow neutrophil untreated control samples. Annexin V/PI staining
was used to access cells populations. Lower panel: Bone marrow neutrophils from Puma
+/+
(WT) and Puma -/- (KO) mice were treated with T4R or ΔSpxB at 4:1 MOI for 30
minutes. Stimulus was removed and BMN were placed in antibiotic containing media for
30 minutes. Annexin V/PI staining was used to assess cells populations.
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Figure C.4

Flow cytometry analysis of isolated bone marrow neutrophils challenged
with T4R or ΔSpxB.

Upper panel: Bone marrow neutrophil untreated control samples. Annexin V/PI staining
was used to access cells populations. Lower panel: Bone marrow neutrophils from Puma
+/+
(WT) and Puma -/- (KO) mice were treated with T4R or ΔSpxB at 4:1 MOI for 30
minutes. Stimulus was removed and BMN were placed in antibiotic containing media for
1.5 hours. Annexin V/PI staining was used to assess cells populations.
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